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ABSTRACT 

A novel technique for obtaining an equiaxed a morphology in 
Ti-632Si alloy has been suggested. The deformation schedule 
consists of hot rolling of ft quenched and aged structure in the 
(oL+ft) f ft or ft and (oi+ft) temperature field followed by 

recrystallization annealing in the ict-tft} field. Changes occurring 
in the microstructural features of Ti-632Si alloy at each 
processing stage were carefully examined. It was found that the 

i 

lamellar a structure, obtained after water quenching and aging at 
hot rolling temperature, showed different characteristics at 
different temperatures and strains. In the ia+ft) field, aspect 
ratio of a lamellae increased with increasing strain and 
decreasing rolling temperature. Recrystallization annealing of 
the hot rolled structure gave equiaxed grains of a. 

Equiaxed microstructure evolution was found to depend on rolling ' 

I 

temperature, strain, initial lamellae thickness, and annealing 

i 

time. Thus equiaxed a grains as small as 1 ^m were produced by 

[ 

hot rolling followed by recrystallization annealing. On 

‘ i 

recrystallization of the ft rolled structure, a lamellae were | 

formed whose aspect ratio was found to decrase with increasing | 

I 

H r 

strain » 
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CHAPTER 1 
INTRODUCTION 

1.1 S^paclflc PropartloB and Xpplieai'blonB of Tii*nium and Its 


Alloys [ 1 ] 

Titanium possesses an outstanding combination of physical, 
chemical and mechanical properties. It is a low density element 
and can be greatly strengthened by alloying and mechanical 
working. It is non~magnetic and shows a relatively lower thermal 
expansion coefficient. Some of the important physical properties 
of titanium have been shown in Table 1.1. 

Ability of titanium and its alloys to passivate provide them 
a high degree of immunity against a wide range of acidic, 
alkaline and saline media and thus makes them useful corrosion 
resistant materials. Similarly, these alloys can be used upto 
750K without encountering the problem of their oxidation. 

With strength capability almost equal to that of low carbon 
steels and density nearly half of them titanium alloys can be 
strengthened to achieve a specific strength (strength per unit 
weight) equal to that of ultra^high strength steels. The 
specific fracture toughness (fracture toughness unit 

weight) of titanium alloys, similarly, is superior to most 
engineering metals and alloys. Most of the titanium alloys 
developed to date also show an excellent combination of creep and 
fatigue strength making them well suited for dynamically loaded 
structural components. Further, most of the dual-phase titanium 
alloys of the family represented by T1 - 6 A1 - 4V can exhibit a 
high value of strain rate sensitivity approaching to unity which 
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Tabl« 1.1 

Physical Proparllas of Elamanlal Titanium 


Atomic number 

22 

Atomic weight 

47.90 

Atomic volume 

10.6 U/D 

1.32 A® 

Covalent radius 

First ionization energy 

158 k-cal/g-mole 

^Thermal neutron absorption 
cross-section 

5.6 barns/atom 

Crystal structure 

Alpha! close-packed hexagonal 

S 1155.5K 

Beta: body-centered cubic 

> 1155.5K 

Color 

Dark grey- 

Density 

4.51 g/ciT 

Melting point 

1941 ± 10 K 

Solidus/liquidus 

1998 ± 10 K 

Boiling point 

3533 K 

Specific heat (at 25°C) 

0.518 J/kg K p 

Thermal conductivity 

9.0 BTU/hr ft*^ °F 

Heat of fusion 

440 kJ/kg 

Heat of vaporization 

9.83 MJ/kg 

Specific gravity 

^-5 2 

1.O27x10p UAnr 

116 X 

102.7 GPa 

Modulus of elasticity 

Young's modulus of elasticity 

Poisson's ratio 

0.41 

Coefficient of friction 

0.8 at 40 m/min 

0.68 at 300 m/min 

Specific resistance 

554 uohmrmm 

Coefficient of thermal expansion 

8.64x10 /C 

Electrical conductivity 

3% ZACS (copper 100%) 

Electrical resistivity 

47.8 uohm— cm 

Electronegativity 

1.5 (Pauling's) 

Temperature coefficient of 

0.O026/°C 

electrical resistance 

—A 

Magnetic susceptibility 

1.25x10 

Magnetic susceptibility 

3. 17 emu/g 
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puts them among the most desirable candidate materials for 
superplastic forming/isothermal forging. Selected mechanical 
properties of a few titanium alloys have been shown in Table 1.2. 

Due to the excellent corrosion resistance displayed by 
titanium and its alloys, they find extensive applications in heat 
exchangers, reactor vessels, desalination plants and several 
other components in chemical, marine and petrochemical 
industries. Its non-toxicity and bio compatibility in addition to 
excellent corrosion resistance, is made use of in prosthetic 
devices such as heart-value parts and leg bone replacements or 
splints. Applications related to corrosion resistance and 
biocompat ible properties account for about 30% of titanium demand 
and is in general met by unalloyed titanium. 

Majority of the demand for titanium alloys, however, is from 
aerospace industries where high specific strengths make them 
an attractive choice for air frames, blades and other parts of 
both low as well as high pressure compressors of turbine 
engines. Though strength efficiency is the prime consideration 
for such applications other requirements like fatigue life, 
fracture toughness, creep, microstructural stability at high 
temperatures may also have to be met depending on nature of 
application. To meet these multifarious requirements different 
alloys have been developed. 

1.2 Classif'lca'tlon of Titanium Alloys tZi 

Pure titanium has two allotropic forms, the low temperature 
hep o-phase and the elevated temperature bcc /9-phase. Alloying 



T*nBll* Prop*rll«rB of Si*l*ct*d Alloys 


Alloy Tensile 

strength 
(min > 
(MPa/kg ) 

Yield 

stren- 

gth(min) 

(MPa/kg) 

Elong- 

ation 

(%) 

Reduction 
in area 
(X) 

Charpy 

impact 

stren- 

gth 

(J) 

Fatigue 

streng- 

thdlPa) 

Fracture 

tough- 

ness 

MPa Vm 

Ti-5A1- 807 

2.5 Sn 

(ELI) 

745 

16 

— 

26 

485-495 


Ti-feAl- 993 

4V -1172 

924 

-1103 

15 

35 

19 

489-620 

32-123 

Ti-6A1- 1269 

2Sn-4Zr- 

6Mo 

1172 

10 

23 


620-751 

26-34 

Ti-13V- 1220 

11Cr-3 

A1 

1172 

8 





4340 1965 

(Ultra 

high strength 
steel ) 

1482 





71 

A1 185.495 

alloy 

(20240) 

75-395 

13-20 




90-140 

Mg 255-290 

alloy 

(A2318) 

150-220 

15-21 


4 


! 


I 

Note: Range is provided in certain cases since property values 


depend on microstructural state. Minimum values are given where 
range is not specified. 
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elements added tend to preferentially stabilize one or other of 
these phases. In pure titanium the transformation from low 
temperature hep a-phase to high temperature bcc /^-phase occurs at 
1155.5 K. 

Elements like Air C, O, N, Sn, etc. when added to titanium 
raise the transformation temperature (commonly referred to as 
/^-transus temperature) of the alloy and thus stabilize the alpha 
phases to a temperature higher than 1155.5 K. These elements are 
referred to as a stabilizes. Potency of these elements for 
stabilizing the ot-phase, however, is different. Rosenberg has 
suggested the following expression for computing the aluminium 
equivalent A1 of the alloy. 

Al* = A1 + ^ + 10 (O + C + EN) wtX 

Elements like Mo, V, Nb, Ni, Mn, Cu, Cr, Fe, H, Si etc. 
when added to the alloy, lower the /9-transus temperature and 
hence are characterised as ft stabilizers. 

Variation of ft transus temperature with the percentage of 
alloying additions can be obtained from phase diagrams. Schematic 
phase diagrams for Ti-ot stabilizes and Ti-ft stabilizers 
( isomorphous > have been shown in Figure 1.1. Thus the type and 
concentration of alloying elements determines the equilibrium 
concentration which forms the basis for classif ication of 
titanium alloys. Depending on the type of alloying addition 
made, titanium alloys can be alpha, near— alpha, alpha-beta, near 
beta or beta alloys. 



TEMPERATURE — > TEMPERATURE 



(a) ©(-STABILIZED 



(b) i3 -STABILIZED 

Fig. 1.1 Schematic phase diagram of 
binary Ti alloy systems. 
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1.2.1 Alpha Alloys 

These alloys contain only alpha stabilizers as alloying 

elements and hence the room temperature microstructure consists 

of hep a-phase only. Due to the single phase nature of these 

alloys no microstructural strengthening can be achieved in them. 

Solid solution strengthening of them is also limited because an 

e 

aluminium equivalent A1 of more than 9.0 promotes the formation 
of the brittle phase, <Xg. Thus, these relatively lower strength 
titanium alloys have limited scope of heat treatment but due to 
the absence of /9-phase in their microstructure, have better 
microstructure stability and weldability. These alloys however 
have poor workability. Examples of these alloys are Cp Ti and 
Ti - 5 A1 - 2.5 Sn, both of which find significant commercial 
applications . 


1.2.2 Near Alpha Alloys 

Small additions 1—2 wt% of beta stabilizers to alpha alloys 
give rise to near alpha alloys. By such additions problems 
related to low strength and poor hot workability of high 
aluminium compositions are eliminated and a compromise is 
effected between the higher strength which is available with 
alpha— beta alloys and better high temperature stability and 
weldability which are characteristics of alpha alloys. Examples 
of these alloys are Ti - 11 Sn - 2.25 A1 - 5 Zr - 1 Mo - 0.25 Si, 
Ti - 6 A1 - 2 Sn - 4 Zr - 2 Mo - 0.1 Si, Ti - 6 A1 - 5 Zr - 0.5 
Mo - 0.3 Si all of which find applications in turbine engine 
components. 
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1>2«3 Alpha Bata Alloys 

Somewhat higher additions of ft stabilizers (4-6%) in 
titanium alloys stabilizes small volume fraction of ft phase in 
the microstructure CSee phase diagram in Figure 1.1(b)I]. 
Morphology of the two phases present in such dual phase alloys 
can be considerably varied by controlling various heat treatment 
and mechanical working parameters. A wide range of different 
property levels can therefore be achieved in these alloys. Ti - 
6 A1 - 4V alloy, which is the main alloy of this family, is 
considered to be the 'trading horse* of the titanium industry. 
Other important alloys of this family are Ti - 4 A1 — 4 Mo -• S Sn 
- 0.5 Si, Ti - 6 A1 - 6V - E Sn, Ti - 6.5 A1 - 3 Mo - S Zr - 0.3 
Si. All these alloys find extensive applications in the 
aerospace industry. 


1.8.4 Near Bata Alloys 

Still larger additions of beta stabilizers can cause 
retention of beta phase at room temperature. Therefore, near 
beta alloys are also known as metastable beta alloys. These 
alloys show excellent cold formability in which high strengths 
can also be achieved through proper heat treatment. Examples of 
these alloys are Ti — 13V -• 11 Cr — 3 Al, Ti - 11.5 Mo ~ 6 Zr — 
4.5 Sn, Ti - 10V - 2 Fe -- 3 Al . This alloy family has emerged 
for commercial applications only in the recent past. 
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l>£l.6 B*l* Alloys 

These alloys contain very large amounts of beta stabilizers 
which gives them high densities, poor ductilities, poor oxidation 
resistance and therefore little commercial value. Ti-Nb alloys 
come under this category. These alloys can be used as low 
temperature superconductors but their commercial importance is 
not very high. In the vocabulary of titanium industry therefore, 
near-f3 titanium alloys are referred to as beta alloys. 

Since the present study is concerned with an alpha-beta 
type of alloy the discussion given below will be confined only to 
this family of titanium alloys. 

1.3 Importance at Alpha-Bata Alloya 

Alpha— Beta alloys have been designed to combine the better 
part of properties of both alpha and near-beta alloys. Because 
of the dual phase structure consisting of alpha and beta phases, 
a wide range of microst ructural features, varying in size and 
morphology of both the constituent phases can be obtained in 
them. Since the rule of mixtures is not followed by them E3II, a 
considerable amount of 'microstructural strengthening* can be 
imparted to them. Thus for the same alloy it is possible to have 
a wide range of property levels by altering the morphology and 
size of its microstructural constituents. 0.2X yield strength, 
tensile strength and ductility do not get influenced very much by 
the manipulation of the microstructure but properties involving 
dynamic loading such as fracture toughness, fatigue strength, 
fatigue crack propagation rate (FCP) get influenced by 
microstructural changes to a very large degree. Similarly creep 




10 


resistance and stress rupture strength are known to vary 

drastically with the microstructural state of the material. 

1. A Mi Croat, r met, ural Control In Alpha-Bata Alloyc 

Microstructures are characterised by the nature of phases 
present, their shape, size, morphology which in turn are 
functions of heat treatment and working schedule. Before we go 
into details lets look at some of the prominent microstructural 
features in titanium alloys. 


1.4r. 1 Mlcroalruciural Foaturoa 

Ctki Primary Alpha <-cip:> - It refers to the alpha phase in a 

crystallographic structure that is retained from the last 
high temperature working or heat treatment. 

Morphology of primary o is influenced by prior 
thermomechanical history and may vary from lamellar to 

equiaxed grains. 

Alpha Prime - A supersaturated non-equilibrium 

hexagonal alpha phase formed by a diffusionless 
transformation of the beta phase. It occurs as fine, 

randomly oriented needles. 

Cc3 Secondary Alpha - Alpha phase generated from alpha prime 
on reheating in two phase field is designated as secondary 
alpha. It shows lamellar structure whose dimensions are 
function of temperature and time of heating. 

Cd:> Grain Boundary Alpha - Primary alpha outlining prior beta 
grain boundaries are referred to as grain boundary alpha. 
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It evolves by heterogeneous transformation when cooled 
slowly from the beta to the alpha— beta phase 
f ield.Thi ckness and continuity of the layer depends on 
cooling rate and alloy composition. 

Alpha Double Prime Coi**5 — It refers to a supersaturated, 
non-equilibrium orthorhombic phase formed by 

diffusionless transformation of the beta phase in certain 
alloys like Ti— Ho, Ti— Nb etc. which have high 
concentration of beta stabilizers. 

Metastable Beta - Refers to the beta phase which is 
retained at room temperature instead of undergoing 
martensitic transformation. Prior beta grain boundaries 
are visible whose sizes are function of temperature and 
time of solutionizing in the beta phase field. 

Cg]> Alpha Cot^^ - Refers to the ordered alpha phase 

produced by segregation of alloying elements and existing 
as small precipitates. 

CIO Sillcldes — In high silicon bearing alloys silicon combines 
with titanium and other alloying elements to form 

complex compounds known as silicides e.g. Ti^Si^, Ti— Ho— Si 
etc. which exist as precipitates in the matrix. 


1.4.2 Effect of Heat Treatment On Microstructure 

Heat treatment of titanium alloys are done for a variety 
of reasons - to reduce residual stresses known as stress 
relieving, generate acceptable combination of ductility, 
machinabi li ty and dimensional and structural stability known as 
annealing, to increase strength and optimise special properties 



such as fracture toughness, fatigue strength, creep strength etc. 
The latter requirements are met by proper choice of thermal 
cycling to generate mi crostructures yielding requisite properties. 
The basis for mi crostructural manipulation during heat treatment 
of titanium alloys centres around the beta-alpha phase 

transformation which takes place in these alloys during cooling. 
Transformation can occur either by nucleation and growth 

mechanism yielding Widmanstatten structure or martensit ically 
depending on alloy composition and cooling rate C1,4,5,6II. 
Figure 1.2 gives a schematic representation of the continuous 
cooling transformation diagram of An a ft titanium alloy. 

When the alloy is slowly cooled below the beta transus alpha 
begins to nucleate at beta grain boundaries with a 

crystallographic Burgers orientation relationship 

(0001)^ I I I O 1 1 I 

< 11 2 O >„ II < 1 1 1 

Because of the close atomic matching along this common 

nucleation plane, the alpha phase thicknes relatively slowly 
perpendicular to it but grows faster along it leading to plate 
like structure. A schematic illustration of the formation of 
Widmanstatten structure is shown in the Figure 1.3. Even when 
cooling at rates when nucleation and growth mechanism is 
operative morphology of the alpha phase is influenced by alloy 
content and cooling rates for e.g. during slow cooling (or in 
alloys learner is beta stabilizer) the Widmanstatten alpha plates 
form in colonies or packets of plates all of which belong to the 






same variant of the orientation relationship between the alpha 
and beta phases. With increase in cooling rates or increase in 
beta stabilizers content nucleation of additional variants become 
more prevalent and the number of plates in the Widmanstatten 
alpha decreases until a point is reached when the transformed 
region consists of a random mixture of oc— plates belonging to 
different variants of the orientation relationsip (Figure 1.4). 

Rapid quenching from the beta phase field leads to formation 
of randomly oriented needle shaped martensite (u'lwhich is 
supersaturated with beta stabilizing elements like Mo and V. 
Increasing beta stabilizer content not only shifts the C curve 
for N & G transformation to the right leading to evolution of oi* 
at lower cooling rates but also depresses the M^ (Martensite 
finish temperature) the latter causing incomplete 

transformation resulting in some metastable beta being found 
at room temperature. Subsequent aging of martensite leads to 
nucleation of beta phase at plate boundaries and internal 
substructures (such as twins) 1173 followed by growth. Diffusion 
of excess beta-stabilizing elements from supersaturatd ot* is 
utilized during growth with the latter gradually transforming to 
equilibrium oi C83. Resulting fine lamellar or acicular alpha 
shows superior creep properties and higher fracture toughness 
values C9, 10,113. 

Phase transformations discussed above form the basis for 
various heat treatment practices followed industrially a summary 
of which is given in Table 1.3. 

A wider range of microstructures can be produced by a 
combination of heat treatment and mechanical working than is 























Fig. 1.4 Mi crostructural illustration of effect of 

^-stabilizing alloying elements on size and 
distribution of a-phase packets in /?-processed 
materials (a> Ti— 6-4 (b) Ti— 6— 6—E <c) Ti— 6— 2— 4-6 


Table 


Summary of Heat Treatments for (ot Ti Alloys 


H«rI UcRlfncfit 
dengnahcw 


Mcit trraimcm 
cyck 


Duplex anneal (DA) Solumm treal at 50-75'’C be- Primar)' a. plus 

l»w T„(a). aif cnol and age Widmanstatten 
for 2-8 h at 540-675"C o + p region* 

Solution treat and age (STA) Solution treat at -40T below Primary ti. plus tern- 
Ip. vvatcr qucnch(b) and pereda'ora 

age for 2*8 h at 535-675T |3 a mixture 

Beta iinneal (BA) Solution treat at - 15*C above WidtnanMattcn o - B 

Tn, air cool and stabilize at colony 

650-760T for 2 h microstmeture 

Bcla quench (BO) Solulion lrea( al -IJ"C ntxjvc Tempered n 

Ta, water quench and tern 
per at 650-76O“C for 2 h 

Rccr>'.s(elliznlion anneal (RAI 925"e for 4 h. ec«l .! 50“C/h Equ.a«d o v,„h P a. 

to 760T, air coo! crain-houndan 


Solution treat at 50-75'’C be* 
low Tii(a), air cool and age 
for 2-8 h at 540-675"C 


Beta quench (BQ) 
RccryMjIlization anneal (RA) 
Mill anneal 


to 760 C, air coo! grain-boundary 

' triple points 

Mill anneal a + 0^ hot work + anneal iit Incompletely re- 

705^' for 30 min to several crysialli/cd q with 
hour^ and air cool a small volume 

fraction of small p 
particles 

ft 'mkT-T u* B’transus temperature for the particular alloy in iiucstion, (b) )n moft heavily 
f; ect! !2 e “T'-WI-2Sn-4Zr.6Mo o, Ti-6AI-6V.2Sn. »lu,ion tre.,nien. ,rwioijr b| 

iir cooling Subsequent aging causes prccipitafion of a phase to form an a 4 ft mixture 
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possible through heat treatment alone C1SD. Development of 
equiaxed alpha as one of the constituent phases form the basis of 
most of them as it shows clear advantages over lamellar 
structures in certain properties such as higher strengths* 
ductility and formability C13*143* better hydrogen tolerance and 
low cycle fatigue properties C3*15*16D. Thus both fabrication as 
well as mi crostructural evolution can be effected by proper 
control of deformation parameters during high temperature working 
- a process known as thermomechanical treatment C5II. 

1.4.3 Efferct of licri Working on Mioroslructuro 

Deformations of alpha-beta alloys is governed by the 
deformation characteristics of the difficult to deform hep alpha 
phase. Deformation takes place by both slip and twinning though 
contribution of the latter is low [I17r1dZi. Lamellar alpha phase 
elongate and strain harden on working along with formation of 
sub-boundaries and shear bands, the misorientation of which 
increases with increasing degree of working ni9~l. Higher degree 
of working leads to fracturing of lamellae into small aspect 
ratio alpha grains Subsequent break-up to equiaxed 

morphology occurs during annealing when the beta phase penetrates 
across the lamellar width along the sub— boundaries or shear bands 
C19,213. Nature of the starting microstructure characterised by 
lamellae width therefore affects the evolution of microstructures 
C18,2S3. Other variables like' strain C19-233, strain rate 
C3, 17,23,243, temperature C3, 17, 20, 22, 23, 243, number of passes 
E2E-233 determine amount of stored energy for static recovery and 
recrystallization processes which also play an important role in 



evolution of mi crost ructure during annealing. Kinetics of the 
dynamics softening mechanisms operative which determine the 
amount of stored energy is governed by these variables. 
Alpha-beta alloys soften by dynamic recovery and 
recrystallization as seen by the nature of the stress strain 
curve and electron microscopy observations C3, 24 » 26,273. 

Hot working can be done by either forging or rolling but the 
latter is preferred since it leads to alignment of grains along 
preferred orientations which can be made use of to get better 
tensile properties along certain directions. 

1.8 Texture Development 

Ti alloys show strong textures which produce pronounced 
anisotropies in mechanical properties primarily due to lower 
crystallographic symmetry of hep alpha Ti. By proper control of 
deformation variables texture as a means of strengthening can 
be utilized to fabricate components having higher strengths along 
particular directions. Table (1.4) gives the mechanical 
properties of textured Ti-Al-2Sn-4Zr-6Mo plate in different 
directions. Different factors that affect texture development 
are:- 


i) 

Starting microstructure 

C183 

ii) 

Rolling temperature CIS 

,20,28,293 

iii) 

Rolling direction C133 


iv) 

Reduction in thickness 

C20,293 

V) 

Heat treatment C20,293 


Vi) 

Impurity content l~303 


vii) 

Alloy composition C203 




Table 1.4 Effect 
Properties 


of Test Direction on Mechanical 
of Textured Ti Alloy Plate 


Teat 

direc- 

tion 


(ti) 


Tensile 

strength 

MPaT 


Yield Reduction 

strength Etonga- in area, 

MPa tion, % % 


Elastic K|c 

modulus, 

GPa MPa m^/2 


Klc 

specimen 
orien- 
tation (b) 


L 

1027 

952 

11.5 

18.0 

107 

75 

68 

L-T 

T 

1358 

1200 

11.3 

13.5 

134 

91 

83 

L-T 

S 

938 

924 

6.5 

26.0 ■ 

104 

49 

45 

S-T 


(a) Htgh basal pole intensitites reported in .the transverse direction, 90° from normal, and 
also intensity nodes in positions 

(b) 45° from the longitudinal (rolling] direction and about 40° from the plate normal. 
L=!ongitudinal; T=tran8verae 



Studies on texture are based on the Pole Figure Method which 
describe statistical distribution of grain orientations using a 
stereographic plot to depict the spatial distribution of the 
poles of a particular crystallographic plane. For titanium and 
its alloys texture representation using pole figures is done by 
showing distribution of the poles of the basal plane (0O01) and 
the prism plane (1010) the latter to complete the description 
since former shows a rotational symmetry C5I1. Figure 1.5 gives 
a schematic representation of commonly observed basal and prism 
plane pole figures for a - Ti. Schematic representation of the 
effect of temperature and working mode on texture development is 
shown in Figure 1.6. 

1. Alms of the Present Study 

Titanium alloys possess numerous superior properties but 
they also have one major drawback which is responsible for 
limiting their application base. They have low ductility and 
high elastic spring-back which makes them a difficult metal to 
work with leading to increase in costs. This problem can be 
eliminated by applying superplasticity concepts in fabrication. 
Prime microstructural requirements for superplastic forming in 
titanium as for other alloys is a uniform^fine grain equiaxed 
structure which is metallurgically stable at high temperatures. 
Despite the importance of such a morphology no systematic work 
has been done to trace and understand its evolution. The 
objective of the present work was to carry out such a study 
on the alloy Ti-6.8Al-3.2Mo-1.82r-0.3Si which though superior to 
Ti-6A1-4V in certain respects t has not been much investigated. 






(lOTO) Pol* Figiiff 


Fig. 1.5 Schematic representation of commonly observed 
basal and prism plane pole figures for * - Ti 


RO RO RD RO 



Fig. 37. Schematic representation of the relationship among working 
method (rolling at top, axisymmetric at bottom), working temperature 
and texture for Ti-6AMV. 


Fig. 1.6 Schematic representation of the relationship among 
working method, working temperature and texture 


for Ti-6A1-4V alloy 
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CHAPTER S 

EXPERIMENTAL PROCEDURE 


^ Raw Material 

Ti - 6.5A1 — 3.S Mo - 1.8 Zr - 0.3 Si alloy (hereafter 

referred to as Ti - 632 Si alloy) used in this study was supplied 

by Mishra Dhatu Nigam Ltd. Hyderabad. The supplied material was 

in the form of forged bar of square cross-section of 100 x 100 
2 

mm . These bars were produced from an ingot which was made from 
titanium sponge and other master alloys by the vacuum melting of 
consumable electrode in the vacuum arc remelting (VAR) furnace. 
Double melting method for preparing the ingot was followed. 
Ingots thus produced were surface machined and were subsequently 
forged above the ft transus temperature on a hydraulic press 
of 1500 T capacity. Chemical composition of the supplied 
material has been shown in Table 2.1. Beta transus temperature 
of the supplied material as determined by the supplier was 
lOIO^C. 


TABLE 2.1 


Alloying 

A1 

Zr Mo 

Si Fe 0 

H 

C 

N 

Element 







Amount 

6.05 

1.94 3.44 

0.23 0-155 574 

21 

0.014 

124 

(wt %) 



ppm 

ppm 


ppm 





2. 2 Preparation of Blanks tor Hot Rollingi 


Samples of approximately 37 mm x 14 mm x 4.5 mm were cut 
from the sheet on a DoAll machine having a vertical cutter. The 
samples were cooled periodically in running water during cutting 
to mimimise pick up of oxygen and nitrogen due to their 
overheating. Samples were thereafter levelled on a belt grinder 
to make their thickness uniform throughout the cross section of 
the sample. During surface grinding operation samples were aigain 
cooled intermittently in running water. 

a. 3 Hot Rolling of tha T1 - 63a Si Shaata 
a. 3.1 Heat Traatment Prior t,o Rolling 

As discussed in section 1.4.E ct phase in (ofif9) alloys of 
titanium, when cooled from the single phase ft field, 
transformation of the structure can occur either by nucleation 
and growth or martensitically. While nucleation and growth 
mechanism gives rise to the Widmanstatten morphology consisting 
of plate-like a phase the martensitic transformation after aging 
provides fine lamellar/acicular structure. The conventional 
practice for obtaining typical structure is to deform the 
Widmanstatten structure in the two phase field. The resulting 
microstructure, though having the primary a. in the equiaxed 
morphology, is normally coarse. In contrast, the present study 
utilized the fine lamellar structure, obtained by martensitic 
transformation followed by aging, to achieve the 
mi crostructural refinement in Ti— 632Si alloy by its 
thermomechanical working. Therefore all the samples were heated 
at 1050°C (40**C above the ft transus temperature of the alloy) for 


20 min and were quenched in water prior to hot rolling. These 
samples when heated prior to their hot rolling gave the required 
lamellar structure. 

Zm 3. Z Thermomechanlcal Treatment 

The ft quenched samples were heated at the rolling 
temperature for 20 minutes and then rolled to different thickness 
reductions in a number of passes. Details of the 
thermomechanical working schedule are shown in Table 2.2. 
Preheating was done in a specially designed furnace made of 
Inconel tube which was having a constant temperature zone of 15 
mm. Samples were heated under argon atmosphere. Hot rolling was 
done on a 2-high rolling mill having 135 mm diameter rolls 
rotating at a speed of 55 rpm. Rolls were not preheated .The 
loss in temperature during rolling was compensated by heating 
for around 2 minutes in between passes. All the hot rolled 
samples were immediately water quenched <within 5 sec) after the 
final pass. Schematic diagrams of the heat treatment and 
deformation sequences followed are shown in Figure 2.1. 

^ Heat, Treatment, 

Rolled samples were encapsulated in quartz tube under vacuum 
(0.004 Torr) and heat treated in a horizontal 
muffle furnace having temperature variation of ± 5°C. Heat 
treatment was done for 1 hr and 12 hrs and samples were 
immediately water quenched. 


TABLE 2.1. 




Sample No. 


Rolling 

Temperature 

(®C) 


X Thickness 
Reduction 


Number of 
Passes 


1 

750 

47 

2 

750 

68 

3 

850 

20 

4 

850 

45 

5 

850 

58 

6 

950 

45 

7 

950 

60 

fi 

1050 

20 

9 

1050 

35 

10 

1050 

46 

11 

1050 

59 

12 

1050 

22 


850 

36 

13 

1050 

40 


850 

15 


4 

6 

2 

4 

5 

3 

4 
1 
2 

3 

4 
2 
3 
3 


1 






Fig. 2.1 Heat treatment and deformation sequences applied 
to Ti-632 5i sheets- The three cycles present{1) 
formation of starting microstructure,(2) deformation 
conditions and (3)RA treatment 



Sm B Kicroccopy 

In order to study the structural charges associated with hot 
rolling and recrystallization specimens were prepared for 
mi crostructural examination by Optical Microscopy* Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM). Experimental procedures adopted for these purposes are 
described below. 

S. Bm 1 Optical Microscopy 

Metallography samples were cut with the observation plane 
parallel to the rolling direction and mechanically polished by 
standard methods to achieve optimum polished surface. Etching 
was done using Kroll's reagent (93 ml water, 3 ml HNO^ and S ml 
HF) for 3—5 sec. Samples were thereafter washed, dried and 
observed under a Lietz Metallux 3 microscope at different 

magnifications. 

2. 5. 2 Quantltativo Microscopy 

For determining aspect ratio, length and thickness 

measurements on more than 75 individual alpha plates were made 
for each condition Aspect ratio which is a measure of shape is 
defined as 

0 « 1/t 

where 1 = length and t = thickness 

. n 1 . 

— 1 V i 

Average aspect ratio ^ 2 ‘ 

i=1 ^ 



In the metallographic cross sections it was not possible to 
distinguish between width and thickness, due to random sectioning 
of the alpha plates. The reported t values in this work are the 
average section thickness. The 1 measurements are actually 
section lengths since the angle of plate inclination to the 
metallographic surface could not be determined. 

For determining grain sizes, diameter of individual grains 
were measured along perpendicular directions and averaged. About 
20-25 measurements were made for each condition. 

2. S. 3 Scanning Elacbron Microscopy 

Certain samples were observed using SEM primarily for 
quantitative microscopy measurements. Observations were made at 
20 kV. Because of etching problems observation could not be made 
for many samples. 

3. S. 4. Transmission Blactron Microscopy 

Specimens were mechanically thinned down to about 60 
microns. Then discs of 3 mm diameter were punched out. The 
discs were electrojet polished in a double jet polisher (Fishione 
Apparatus) using standard electropolishing techniques 11303. The 
electrolyte used consisted of 90 ml perchloric acid, 52 ml 
butanol and 900 ml methanol, the temperature was - 40°C and the 
voltage 30 V. 

After jet polishing the specimen were observed in the EM 
301 S transmission electron microscope (Philips make) at 10O kV. 



CHAPTER 3 


EXPERIMENTAL RESULTS 

As mentioned in Chapter Z, the transus temperature of the 
as-received material of Ti-6.8 Al-3 Mo-2 Zr - 0.3 Si (designated 
in this report as Ti — 632 Si alloy) was found to he 1O10°C ( 

(1283 K). In order to study the refinement of the 

microstructural features of the alloy vis-a-vis its 
thermomechanical working schedule, three batches of the material 
were prepared and subjected to the following rolling schedule; 

i) Rolling in two phases (a + ft) field, i.e. below 1010°C, 

ii) Rolling in single phase ft field, i.e. above 101O°C, 

iii) Rolling in single phase ft field followed by rolling in two 
phase ( ot + ft) field. 

Rolled samples thus obtained were subsequently annealed at 
800°C (1073 K) for two time intervals namely 1 hr (3.6 ks> and 12 
hrs (43.2 ks>. Results obtained by these experiments have been 
described in this chapter. 

3.1 Rolling In Two Phas« Ca 4 ft!3 Field 

In order to understand the effect of deformation temperature 
and strain on the microstructural refinement in Ti - 632 Si alloy 
in (« + ft) phase field sheet samples were rolled 50°C, 1SO°C, 
250°C and 350°C below its ft transus temperature, i.e. at 950°C, 
850°C, 750°C and 650°C respectively. However, it was found that 
the alloy had very poor workability at 650**C and attempts to roll 


the samples by imparting even small strains caused severe 
cracking in them. Rolling experiments at 650°C were therefore 
not carried out any further. 

3.1.1 iSfiartlng Mlcrosiruciuras Prior to Their Rolling 

A reference to phase diagram of <« + ft) alloys of 
titanium HFigure 1.1 (b)Il shows that the volume fraction of cn 
phase decreases with increase in temperature in the (o + fiy 
phase field. As mentioned earlier, all the samples prior to 
rolling were heated above the fi transus temperature and were 
subsequently quenched in water. Such a treatment gave rise to 
their martensitic transformation. It was this structure which 
was preheated to rolling temperatures, i.e. to 750°C, and 
930°C for a period of 20 min (1.8 ks). If such a material is 
air-cooled after its preheating at rolling temperatures, growth 
of secondary a occurs masking the morphological features of 
primary a present in the structure prior to rolling. In order to 
study the morphology of primary a in pre-rolled samples, 
therefore, the preheated samples were quenched in water. 

Figure 3.1 shows microstructures of water-quenched samples 
preheated at 950°C, a50°C and 750 ®C. Randomly oriented thin 
alpha lamellae having high aspect ratios can be observed in all 
the three microstructures. It is well understood that nucleation 
and growth of ft phase at martensite («*) plate boundaries leading 
to its gradual transformation to alpha is responsible for the 
fine lamellar morphology observed (22,25). Preheating at S50°C 
which constituted the starting microstructure for rolling at 
850®C, as shown in Figure 3.1(b), resulted in increase of 
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1000 X 


Fig. 3.1 Starting microstructures of samples before rolling 
at different temperatures (a) 950°C, (b) 8S0°C, 


1000X 

a 


1000 X 


(c) 750°C 


lamellae thickness due to coarsening accompanied with decrease in 
volume fraction of alpha phase to around 50%. Annealing at still 
higher temperatures, i.e. at ■ 950°C resulted in further decrease 
of volume fraction of alpha phase to 38% and excessive coarsening 
because of high diffusion rate which increases exponentially with 
temperature. Microstructures of samples preheated at 950°C 
CFigure S.KalU also shows diffuse lamellae, edges and 

striations, the latter arising because of non-uniform growth in 
the transverse direction. Small annealing times (SO min) could 
not eliminate them which act as high surface energy reservoirs. 
Kinks are also observed where lamellae overlap each other in 
order to satisfy surface tension considerations. 

3.1.2s Effect of Hot Kolllng Temperature and SStraln on embroiled 

Mlcrostructto'e 

Hot working temperature affects both the volume fraction 
as well as nature of starting microstructures which in turn 
affects the deformation characteristics. Just below the ft 
transus temperature higher volume fraction of softer beta (bcc) 
phase in combination with accelerated dynamic restoration 
processes operative at such temperatures, leads to accommodation 
of strains arising during deformation resulting in predominantly 
uniform deformation of alpha phase though at certain locations 
deformation bands originating from localized straining are 

observed. Figure 3.3 shows the microstructures of samples 
deformed at 9S0^C to thickness reductions of 45% and 60% 
respectively. It can be seen that increasing the degree of 
deformation leads to increasing lengths and fineness of the 
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Fig. 3.2 


Microstructures of samples rolled 
different thickness reductions (a) 


at 950°C with 
457., tb) 60V. 
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MEAN LAMELLAE THICKNES! 



•/c THICKNESS REDUCTION 


Fig *3. 3 Variation of mean lamellae thickness 
with •/•thickness reduction at 950 C- 
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DEFORMATION DEGREE(%THICKNESS REDUCTION) 

Fig -3. 5 Effect of degree of deformation on the 
mean aspect ratio of the alpha 
lamellae in samples hot rolled at 
950®C. 
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Fig.3-4 Effect of degree of deformation 
on the aspect ratio distribution 
of alpha lamellae. ^ 

Temperature of deformation =950 C. 
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Fig. 3.6 Microstructures of samples rolled at B30°C with 
different thickness reductions 
(a) 207., <b) 457., (c) 587. 
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Fig. 3.7 Microstructures of samples rolled at 750 C with 
different thickness reductions (a) 477. (b) 687. 


deformation temperature was high. But with increasing degree of 
deformation and lowering of rolling temperature lamellae rotated* 
sheared and fractured. This process is amplified at 750°C when 
thermally activated dynamic restoration processes are retarded 
and short curved lamellae can be seen in samples deformed to Al'L 
unlike at S50**C when it was observable only on deformation to 
58X. Due to the fineness of microstructural features* no 
analysis of aspect ratio of ot lamellae and its distribution could 
be done on samples rolled at 850°C and 750°C. 

3. 3 ltoll±n>g In, Sainglm Phase ft Field 

Deformation in the beta field offers well known 
technological advantages. In addition, microstructural 
requirements can be met by properly controlling variables related 
to deformation and recrystallization. In order to understand the 
nature of microstructural refinement in phase field rolling 
samples were rolled with different thickness reductions at 
1050°C. A temperature’ higher than AO-SO^C above the ft transus 
temperature causes coarsening and is likely to offset advantages 
to be gained by rolling. 

Results of the experiments related to rolling in the ft phase 
field indicated that at low thickness reductions the beta grains 
got elongated along the rolling direction. A higher degree of 
deformation resulted in the breakdown of grains to more equiaxed 
morphology with smaller aspect ratios. Figure 3.8 depicts the 
morphology of the ft grains varying with deformation degree. 
These observations are based on retention of prior ft grain 


boundaries after quenching when ft phase 


transforms to 




Fig. 3.8 Microstructures of samples rolled at 1050°C with 
different thickness reductions (a) SOX, (b) 35X, 


(c) 46% (d) 59X 


martensite. Figure 3.9 gives the variation of aspect ratio of ft 
grains with deformation degree. 

It is well known that dynamic recovery is the dominant 
softening mechanism in the deformation of ft phase C24, 25,303 
which manifests itself with the development of a highly recovered 
substructure from the initial ft grains .Quenching after 
deformation leads to ft phase transforming to hexagonal martensite 
(«*) whose length is determined by the size of the subgrains, 
ince for a particular strain rate irrespective of the strain 
subgraian size is fixed C53 therefore length of martensite 
needles will also be fixed for different samples. But as is well 
known higher dislocation density will lead to greater nucleation 
centres, therefore martensite needles will be finer with 
increasing strain as is observed in Figure 3.10. 

3.3 Rolling In ft Field Folowed by Rolling In Ca 4 ft:> Field 

3.3.1 Effect of Strain In ft Field on Starting Mlcrostrueture 

for Rolling In ( a * ft) Field 

Samples were rolled to different strains in the ft field 


(1050°C), annealed at 

950 °C for 20 

min and 

water 

quenched. 

Microstructures 

of 

these samples. 

comprised 

the 

start ing 

microstructures 

prior 

to rolling in the 

la + ft ) 

field 

at 950°C 


CFigure 3.113. Figure 3.12 shows changes in the aspect ratio 
distribution obtained at different strains. With increasing 
degree of deformation aspect ratio of lamellae shifts to smaller 
values leading to reduction in mean aspect ratio. Plot of mean 
aspect ratio with deformation degree is therefore downward 
sloping (Figure 3.13). 



MEAN ASPECT RATIO (<» 





DEFORMATION DEGREE (•/• THICKNESS REDUCTION) 

Fig. 3. 9 The effect of deformation degree on 
the mean aspect ratio of beta phase. 
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Temperature of deformation =1050 C • 
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Fig. 3.10 Microstructures of samples rolled at 1050°C 
thickness reductions of (a) 20% (b> 35% 


with 


^3 



Fig. 3.11 Microslructures of samples rolled at 1050°G with 
different thickness reductions and recrystallized 
at 950°C for 20 min (a) 207. (b) 357. Cc) 467 (d) 
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Fig • 3 .12 ( continued) 
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Fig. 3. 12 Aspect ratio distribution of alpha 
grains at different strains in 
beta field. 

0 

Temperature of deformation =1050 C . 
Annealing temperature =950 C . 
Annealing time = 20min. 
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DEFORMATION DEGREE (7o THICKNESS REDUCTION) 

Fig -3. 13 Effect of deformation degree in the 
beta field on the mean aspect ratio 
of the alpha phase . 

O 

Temperature of deformation = 1050 C. 
Temperature of recrystaUization=950*fc. 
Time of recrystallization = 20min. 



As discussed in Section 3.S increasing the degree of 
deformation in the beta field leads to increasingly finer 
masrtensitic needles which on recrystallization give rise to 
finer alpha lamellae. As is well known finer lamellar break up 
faster to give size to smaller aspect ratio alpha grains Z^*9,Z2.3. 
Thus with the same annealing time microstructure of samples 
rolled to higher strains will show greater percentage of alpha 
having smaller aspect ratios CFigure 3.11(a) and Figure 3.11<d)II. 
Higher strains also result in larger stored energies resulting in 
accelerated recrystallization kinetics. This will be true for 
starting microstructure at any temperature (besides 950®C which 
is considered here) though at lower temperatures fraction of low 
aspect ratio alpha will be lesser since recrystallization is a 
thermally activated process. 

3.3.2 Effect of Strain Ratio in ft and Co + ^ Fields Keeping 

Total Strain Fixed on Resulting Hlerostrueture 

Figure 3.14 shows. microstructure of samples deformed with 
different strain ratios at 1050°C and 850®C keeping total 
strain fixed. Microstructure of sample deformed with thickness 
reduction ES% at 1050°C followed by 36% thickness reduction at 
650**C CFigure 3.14(a)3 shows short fine lamellae with low aspect 
ratios in contrast to relatively coarser lamellae observed in 
Figure 3.14(b) for sample deformed 40% with thickness reduction 
at 1050®C followed by 15% thickness reduction at 850°C. Strain 
ratio is therefore an important parameter affecting 
microstructure evolution. 



a 


1000 H 



3.14 Microstructures of samples deformed with different 
strain ratios in the /? field (1050°C> and {ca + ft) 
field (850°C) (a) 227. 1050°C , 36X 850°G 

( b ) 407. 1050°C , 15X 850°C 


3. 4 


Recrystalllzatlon of As Rolled San^>les 


3« 4. 1 Recrystal llzatl on of S^mplas Rolled In the C ca ^ fT> Two 
Phase Regl on 

All the rolled samples were recrystallized at SOO°C for 1 
hr and 1S hrs. The temperature chosen was such as to be 
different from the deformation temperatures of 750°C, B50°C and 
950°C which caused volume changes facilitating conversion of 
high aspect ratio alpha lamellae to equiaxed or low aspect ratio 
alpha grain. 


(a) Effoct of Tsinporatur*! 

Comparison of microstructure on recrystallization, after 
deformation to same degree at different temperatures reveals a 
reduction in degree of recrystallization with increasing 
temperature. Higher temperatures cause greater reduction in 
dislocation density driving force for static recrystall ization 
due to the accelerated dynamic recovery and re crystallization 
processes operative at such temperatures thereby explaining the 
observations . 

Mi crostructure of sample rolled with 4551 thickness reduction 
at 950*’c shows predominantly lamellae structure on 
recrystallization CFigure 3.15(a)II while the one rolled at 
750°C with same degree of deformation on recrystallization shows 
small equiaxed grains of size 1.05 /Jm CFigure 3.15(c)]. Sample 
rolled at 850®C shows a mixed microstructure with both type of 
constituents - lamellar as well as equiaxed alpha CFigure 


3.15(b)D. Thin foil micrograph of sample 


rolled 


2051 and 



50 




Fig. 3.15 Microstructures of samples rolled with 45% 
thickness reduction at different temperatures and 
annealed for 1 hr at 800 C 
(a) 950°C, (b) 850°C and (c) 750°C 


recrystallized for 1 hr CFigure 3.16(a)D shows lamellar alpha 
with large of twins inside it. Small equiaxed grains are also 
observed at certain locations. Figure II3.i6(b)3 shows ft phase 
penetrating through the o( lamellae. 

When recrystallized for 12 hours thin foil micrograph shows 
large equiaxed ft grains with broken down remnants of a lamellae 
CFigure 3.17(a)3. Figure C3.17(b)3 shows lamellar « having well 
developed internal substructure inside. Subgrains have low wall 
thickness. Observation of the lamellae at higher magnifications 
CFigure 3.17(c)!I shows little dislocation density inside but 
stacking faults are observed at certain locations. 

Cb]> Effact at Strain 

Increase in strain (thickness reduction) leads to increase 
in residual stored energy at all temperatures resulting in both 
accelerated kinetics as well as increasing degree of 
recrystallization. As a consequence the volume fraction of 
equiaxed alpha increases CFigure 3.18(a> and 3.15(a)'l and Figure 
C3. 18(b) and Figure 3.1S(c)n while greater nucleatlon centres 
reduce its size CFigure 3.15(c) and Figure 3.18(d)3. 

Cc> Annaallng Tiewk 

Increasing the annealing time results in completion of 
recrystallization process along with increase in alpha grain size 
due to coarsening- Figure 3.19 shows microstructure of samples 
annealed for 12 hrs after being rolled 60X at 950°C, 68X at 750 C 
and 58% at 850°C respectively. Table 3-1 gives the grain sizes 
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3.16 Thin foil micrographs of samples rolled with 20/C 
thickness reduction at 8S0°C and annealed for 1 


24000 ^ 


Fig. 3.17 Thin foil micrographs of samples rolled with EOa 
thickness reduction at 850°C and annealed for IS 
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Fig. 3. 18 Microstructures of samples rolled with different 
thickness reductions at different temperatures 
and annealed fori hr at 800°C 
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Fig. 3.19 Microstructures of samples annealed for 1S hrs 
at 800*^C after being rolled to different strains 
at different temperatures 
(a) 60X 950° C, (b) 68*/. 750°C 

(c) 58X 850°C 
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TAbl« 3.1 


Rolling 

temperature 

(°C) 

Degree of 
deformation 
(% thickness 
reduction ) 

Aspect ratio/grain 
size after recrys- 
tallization for 

1 hr 

Aspect ratio/ 
grain size after 
recrystall izat ion 
for 12 hrs 

950°C 

45 


2.37 

60 

— 

2.40 pin 



20 

— 






Ol30 tr 





45 

— 

2.00 A/a 


58 

1.09 /Jm 

Z.ZQfJm 


47 

1.05 Aim 

1.27 Aia 

7S0°C 

68 

0.99 Aim 

I.VOlAiin 


Notes 


Values are not given for mixed type of microstructure, 
i.e. where both lamellae are equiaxed constituents are 

present 
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or AspBcIf f^trXos ^or c^mniae! 

uiTTereni samples after recrystall izat ion 

for 1 hr and 1S hrs« 


3.4.2 Raerystalli station of Samplao Rollod In tho /? Phaea Fl.ld 

Samples were annealed at 800**C for 1 hr and 1H hrs for 
recrystallization. Microstructure shows increasing volume 
fraction of equiaxed alpha with increasing strain CFigure 3. SOD 
though it was considerably lesser when compared with samples 
deformed to equivalent thickness reductions at lower 
temperatures . As discussed earlier this is because of greater 
dislocation annihilation at higher temperatures. 

Annealing for 12 hr has the same effect as that for samples 
deformed at lower temperature in the (a + f3> phase field, i.e. 
recrystallization is completed and coarsening of both alpha 
plates as well as equiaxed alpha takes place CFigure 3.Z1D. 

3.4.3 Racryssiallizailon of Samples Rolled in the /3 and 
Coi4/» Fields 

Strain ratio in the ft and (« + /3^)field& affects 
microstructural evolution during annealing. Sample deformed 21% 
at IOSOm'^C followed by 36% at 850°C on recrystallization shows 
equiaxed microstructure with alpha grain size 1.63 /jir which 
coarsened negligibly to 1.793 ^<m on recrystallization for 12 hrs 
(Figure 3.22). Microstructure compares favourably with that of 
sample deformed 38% at 83Q**C and recrystallized for 1 hr 
though alpha given size in the latter case is slightly lesser 
(1.09 pm). Thus with the same strain but part of it being 
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Fig. 3.20 Microstructures of samples deformed with different 
thickness reductions at 1050°C and annealed at 
800°C for 1 hr(a) 207. (b) 35X (c) 46% (d) 597. 
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deformed 


3. SI Microstructures 


different thickness reduction at 1050 C 
annealed at a00°C for IS hrs (a) SOX (b) 35"/. 


467. (d) 597. 
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Fig. 3.H2 Hi crostructures of samples rolled 22% at 1050°C 
and 367. at fl50°C after annealing at 800°C for 
different times 

(b) 12 hrs 


(a) 1 hr. 


OU 

imparted in the /9 field it was possible to generate equiaxed 
microstructure similar to when sample was deformed entirely in 
the two phase (a fty field. Essential prerequisite is 
optimisation of deformation in beta field since it is observed 
that higher deformation degree in the ft field on 
recrystallization for 1 hr resulted in lamellar microstructure 
being maintained (Figure 3.23). Recrystallization for 12 hrs 
although lead to break up of the lamellae but aspect ratio was 
still high. 
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Fig. 3.E3 Microstructures of samples rolled 40X and 1O50°C 
and 15X at S50°C after annealing at 8O0°C for 
different times 
(a) 1 hr, (b> 12 hrs. 
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CHAPTER 4- 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 

1 Concluslonss 

1. A new method based on evolving equiaxed morphology 

in Ti— 632Si alloy by thermomechanical treatment of 
fine lamellar structure, obtained by ageing the ft 
quenched microstructure, has been successfully tried. 
This approach is in contrast to the traditional method 
of obtaining the equiaxed oi by the thermomechanical 
working of the initial Widmanstatten structure. 

Equiaxed a grains as small as 1 were generated by 

hot rolling followed by recrystallization annealing. 

2. Hot rolling strain, rolling temperature, annealing 
time, and lamellae thickness were found to aff^ect the 
evolution of equiaxed morphology of a phase in Ti— 63ZSi 

alloy. 

3. Investigation into the nature of deformation of 

lamellar structure in (a-^ft) field revealed that while 
at lower temperature lamellae get sheared and fracture 
easily , at higher temperature they show high 
ductility. Aspect ratio increases with increasing 

strain (length increases and thickness decreases) for 
the latter case. 



4 


63 

Higher hot rolling strains and lower deformation 
temperatures in la+fi) field resulted in smaller grain 
sizes of recrystallized a possibly due to the 
accelerated recrystallization kinetics. Larger 
annealing times resulted in coarsening with consequent 
increase in grain sizes. Finer lamellae were found to 
convert more easily to equiaxed structure than coarse 
lamellae. 

5. Deformation in the ft field resulted in elongation 

followed by breakup of ft grains into more equiaxed 

morphology at higher strains. On recrystallization* a 
lamellae were formed whose aspect ratio was found to 
decrase with increasing strain . 

6. Based on the above observations a limited number of 

experiments were conducted involving a new deformation 
schedule by carrying out rolling in the ft and icn+fti 
fields in succession. It was found that equiaxed 
microstructures can be generated by giving a lower 

strain in the field by such an operation. 

However, a more exhaustive study is necessary to 
optimize the degree of deformation in each phase field. 

4>. 2 S>ugg*Bt>long for further work 

1. TEM investigations should be done to study the 
deformation behaviour in different phase fields 

of equiaxad 


vis—a— vis its affect on 


evolution 



morphology. 

2. Effect of equiaxed morphology , evolved hy different 
routes on mechanical properties should be investigated. 
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